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We investigate the bounce realization arising from the application of the holographic principle in
the early universe, inspired by its well-studied late-time application. We first consider as Infrared
cutoffs the particle and future event horizons, and we show that the decrease of the horizons at
early times naturally increases holographic energy density at bouncing scales, while we additionally
obtain the necessary null energy condition violation. Furthermore, adding a simple correction to
the horizons due to the Ultraviolet cutoff we analytically obtain improved nonsingular bouncing
solutions, in which the value of the minimum scale factor is controlled by the UV correction. Finally,
we construct generalized scenarios, arisen from the use of extended Infrared cutoffs, and as specific
examples we consider cutoffs that can reproduce F (R) gravity, and the bounce realization within it.
PACS numbers: 98.80.-k, 04.50.Kd
I. INTRODUCTION
One of the interesting explanations for the late-time
acceleration is the holographic dark energy scenario [1]
(for a review see [2]). In this framework the dark energy
sector arises holographically from the vacuum energy, af-
ter one applies at a cosmological level the holographic
principle, which originating from black hole thermody-
namics and string theory [3–7] establishes a connection
of the largest distance of this theory (related to causal-
ity and the quantum field theory applicability at large
distances) [8] with the Ultraviolet cutoff of a quantum
field theory (related to the vacuum energy). Holographic
dark energy, both in its basic [1, 2, 9–18] as well as in its
various extensions [19–30], proves to be very efficient in
describing the late-time universe, and it is in agreement
with observations [31–35].
Although there has been a large amount of research in
the late-time application of holographic principle, namely
in the dark-energy era, there has been almost no effort
in applying it at early times. Recently, we proceeded to
such direction and we constructed an inflationary real-
ization of holographic origin [36]. The scenario has the
advantage that since at early times the largest distance
of the theory is small, the holographic energy density is
naturally large in order to lie in the regime necessary for
inflation.
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In the present work we are interested in applying the
holographic principle at early times, however investigat-
ing the bounce realization. Nonsingular bouncing cos-
mologies are of significant interest since they offer a po-
tential solution to the cosmological singularity problem
and thus an alternative to inflation [37–43]. In order for
the bounce to be realized the null energy condition has
to be violated, and this can be obtained by various mod-
ified gravity constructions [44–46], such as the Pre-Big-
Bang [47] and the Ekpyrotic [48] scenarios, f(R) gravity
[49, 50], f(T ) gravity [51], loop quantum cosmology [52–
54], Lagrange modified gravity [55], Finsler gravity [56]
etc. Alternatively, a nonsingular bounce may be acquired
through the introduction of exotic matter sectors [57, 58].
Indeed, as we will see in this work, the energy density of
holographic origin can lead to the necessary violation of
the null energy condition and trigger the bounce. Addi-
tionally, the decrease of the horizons at early times nat-
urally increases holographic energy density at bouncing
scales.
The plan of the work is the following. In Section II
we construct the holographic bounce scenario, extracting
the corresponding analytical solutions. In Section III we
proceed to the construction of generalized scenarios, with
extended Infrared cutoffs. Finally, Section IV is devoted
to the conclusions.
II. HOLOGRAPHIC BOUNCE
In this section we will construct the basic model of
holographic bounce. We start by reminding that in gen-
eral the holographic density is proportional to the inverse
2squared Infrared cutoff LIR, namely
ρ =
3c2
κ2L2IR
, (1)
where κ2 is the gravitational constant and c a parameter.
If one wishes to apply the above relation in a cosmological
framework, he considers the homogeneous and isotropic
Friedmann-Robertson-Walker (FRW) metric
ds2 = −dt2 + a2(t)
(
dr2
1− kr2
+ r2dΩ2
)
, (2)
with a(t) the scale factor and k = 0,+1,−1 correspond-
ing to flat, close and open spatial geometry respectively.
In the following we focus on the flat case, however the
generalization to non-flat geometry is straightforward.
Since the Infrared cutoff LIR is related to causality
it must be a form of horizon. The simplest choice is the
Hubble radius, however concerning the late-time applica-
tion its use cannot lead to an accelerating universe and
thus it is rejected [59]. Hence, one may use the parti-
cle and future event horizons [1], the age of the universe
[60, 61], the inverse square root of the Ricci curvature
[62], or a combination of Ricci and Gauss-Bonnet invari-
ants [63]. More generally, one can consider a general In-
frared cutoff constructed by an arbitrary combination of
all the above quantities and their derivatives [64]. In this
Section, as a first application we will consider the particle
horizon Lp and the future event horizon Lf , which are
written as
Lp ≡ a
∫ t
0
dt
a
, Lf ≡ a
∫ ∞
t
dt
a
. (3)
Although in the late universe the Friedmann equation
includes both the matter and holographic dark energy
sectors, in the case of the early universe the former can
be neglected [36] (unless one considers the possibility of
a “matter bounce” [40, 51], which is not the case of the
present work). Therefore, at early times the first Fried-
mann equation is written as
H2 =
κ2
3
ρ, (4)
where ρ is the energy density of the (effective) fluid
that consists the universe, originating from a scalar field,
from modified-gravity, or from other sources. In this
manuscript we consider that the fluid that drives the
bounce has a holographic origin, i.e. it arises from the
holographic energy density. Thus, imposing that ρ in (4)
is ρ of (1) we deduce that
H2 =
c2
L2IR
. (5)
Hence, inserting the particle horizon Lp or the future
event horizon Lf into (5) we find that
d
dt
(
1
a
√
c2
H2
)
=
m
a
, (6)
with m = 1 corresponding to the particle horizon and
m = −1 to the future event horizon.
The general solution of equation (6) is
a(t) = a0 (t− t0)
c
c±m , (7)
with a0,t0 the two integration constants and ± corre-
sponding to the two solution branches. As we observe the
above solution has very interesting expressions for par-
ticular values of the parameter c. Specifically, in the case
where cc±m is an even number we obtain a bouncing scale
factor, which is the scope of interest of the present work.
This can be obtained taking the + branch in the case of
m = −1, i.e. using the future event horizon, and taking
the − branch in the case where m = 1, i.e. using the
particle horizon. For instance, choosing c = 2 we can see
that in both the above cases we obtain a(t) = a0 (t− t0)
2
which indeed corresponds to the bounce realization. In
summary, as we observe, in the scenario at hand the
bounce can be straightforwardly obtained, since the de-
crease of the horizons at early times naturally increases
holographic energy density at bouncing scales.
We proceed by investigating an improved version of
the above scenario. In particular, since we apply the
holographic principle at early times, i.e. at high energy
scales, we should incorporate the Ultraviolet cutoff ΛUV
too. Namely, in this regime the Infrared cutoff acquires a
correction from the Ultraviolet one, which takes the form
[65]
LIR →
√
L2IR +
1
Λ2UV
. (8)
If we insert this expression into (5), with LIR either the
particle horizon Lp or the future event horizon Lf , we
acquire
m
a
=
d
dt
(
1
a
√
c2
H2
−
1
Λ2UV
)
, (9)
which is the improved version of (6). In order to solve this
equation we first transform it to an equation for H(t),
namely
H˙ = −
H3
c2
{
m
√
c2
H2
−
1
Λ2UV
+H
(
c2
H2
−
1
Λ2UV
)}
,
(10)
whose general solution for ΛUV not being equal to 0 or
infinity is written implicitly as√
c2 − H2
Λ2
UV
(c2 − 1)
3
2Λ2
UV
√
H2 − c2Λ2
UV
tan−1
[
mH
√
c2 − 1
√
H2 − c2Λ2
UV
]
+
m
√
c2− H2
Λ2
UV
−c2
c2(c2−1)HΛ2
UV
+
tanh−1
[
H√
c2−1ΛUV
]
(c2 − 1)
3
2Λ3
UV
=−
t
c2Λ2
UV
+C0,(11)
with C0 an integration constant. Hence, the scale factor
can be obtained through
a(t) = a0e
∫
H(t)dt, (12)
3with a0 another integration constant.
The above solution (11) can describe a bounce for par-
ticular choices of the model parameters that satisfy the
bounce requirements, namely H < 0, H = 0 and H > 0
before, at, and after the bounce respectively, as well as
H˙ > 0 throughout the procedure. In Fig. 1 we present
the bounce realization arising from (11), for three choices
of the model parameters. The interesting feature is that
now we can obtain a nonsingular bounce, which was not
possible in the simple case without the UV correction,
namely solution (7). Furthermore, as we can see, the
value of the minimum scale factor is determined by the
value of ΛUV, going to zero at ΛUV → ∞ as expected.
This feature is very significant, since nonsingular bounces
are more physically important since they are the ones
that can alleviate the initial singularity issue of standard
cosmology. This is one of the main result of the present
work and reveals the capabilities of holographic bounce.
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FIG. 1: The scale factor evolution in the holographic bounce
scenario arising from the analytical solution (11), for m = −1
(i.e. when the future event horizon is used), with c = 2,
ΛUV = 20 (black-solid curve), c = 2, ΛUV = 30 (red-dashed
curve), c = 2, ΛUV = 50 (blue-dotted curve), in units where
κ2 = 1, setting the bouncing point at t = 0 and a(t = −10) =
0.25.
We proceed by referring to the perturbations of the
above background evolution, which is a necessary task in
every bouncing scenario, since they are related to observ-
ables such as the spectral index and the tensor-to-scalar
ratio. In particular, while in inflation the cosmological
fluctuations emerge initially inside the Hubble horizon,
then they exit it, and later on they re-enter giving rise
to the primordial power spectrum, in bounce cosmology
the situation is different. Namely, the quantum fluctu-
ations around the initial vacuum state are generated in
the contracting phase before the bounce, and since the
Hubble horizon decreases faster than the wavelengths of
the primordial fluctuations, they exit the Hubble radius
as contraction continues. Then the bounce happens, and
hence at later times in the expanding phase the fluctu-
ations re-enter inside the horizon. As one can deduce,
the specific background evolution could affect the pro-
cessing of perturbations from the bounce point, however
this effect is important only in the UV regime, where the
gravitational modification becomes significant, while the
IR regime, which is responsible for the primordial per-
turbations, remains almost unaffected [66, 67].
Although the generation of perturbations in bouncing
models driven by a scalar degree of freedom is well un-
derstood and studied [37, 68], in the case where the driv-
ing mechanism is different the perturbation generation
has not been studied in detail. Therefore, the analy-
sis of perturbation generation in the present holographic
bounce scenario has to be performed in a systematic way,
through the full and detailed perturbation analysis, us-
ing the perturbation investigation of holographic cosmol-
ogy [69–71]. Only such an analysis could reveal whether
the present bouncing scenario suffers from the “observa-
tional no-go theorem” that widely exists in nonsingular
bounces, namely that their predicted amplitude of pri-
mordial non-gaussianity and tensor-to-scalar ratio cannot
simultaneously fit observations in a general single compo-
nent bounce cosmology [67, 72] (the fact hat holographic
bounce is not driven by a single component is a promising
feature that the above no-go theorem might be evaded).
Furthermore, the perturbation analysis would reveal the
differences of the present scenario form other scenarios,
such as the ekpyrotic [48] and the matter bounce [51]
ones, since even if the background behavior is similar,
the perturbation evolution will be different due to the
fact that the underlying theory and the propagating de-
grees of freedom are of different, namely of holographic,
origin. Nevertheless, this detailed analysis of perturba-
tion generation is a separate project that lies beyond the
scope of the present work, and it is left for a future study.
One issue that is present in principle in almost ev-
ery bouncing scenario, is the anisotropy one. Specifi-
cally, the bounce realization is in general unstable against
anisotropic stress (BKL instability) [73], since the ef-
fective energy density in anisotropies scales as a(t)−6
and thus in a contracting universe it increases faster
than the radiation and matter energy densities, lead-
ing the bounce to take place in a non-isotropic and
non-homogeneous spacetime. Nevertheless, although the
anisotropies grow faster than the background evolution,
their domination is not necessarily quick, since this is
determined by the initial conditions on the anisotropy.
Hence, if the anisotropies are of quantum origin, aris-
ing from the backreaction of cosmological perturbations,
the moment where they will dominate will depend on
the energy scale during the matter contraction, which
is typically at very high energy scales. Therefore, one
may consider reliably an FRW background evolution up
to the bounce phase. However, in order to acquire a full
removal of the anisotropy problem, one should introduce
additional mechanisms (a well-studied such scenario is
the ekpyrotic one [48], in which one introduces a neg-
ative exponential potential that leads to an anisotropy-
free evolution [38, 39, 74, 75]). Nevertheless, since in the
4present scenario of holographic bounce there is no extra
degree of freedom, such mechanisms are difficult to be in-
troduced, ad thus a safe removal of the anisotropy prob-
lem should be obtained by imposing the bounce scale to
be suitably low, in order for the anisotropies to be always
sub-dominant.
Finally, let us make a comment on the preheating
phase, which is is needed in any realistic cosmological sce-
nario. The preheating phase in bouncing cosmology has
been investigated in [76]. Nevertheless, it is interesting
to note that in the holographic framework there can be a
mechanism of “holographic preheating” [77, 78], through
which the energy transfer from the inflaton to the matter
field is obtained through a model of holographic super-
conductor. Hence, due to the holographic foundations of
the present scenario, the phase of holographic preheating
can be naturally embedded to it.
III. GENERALIZED SCENARIOS
In this section we construct generalizations of the
above holographic bounce scenarios through the use of
extended Infrared cutoffs, inspired by similar construc-
tions in the case of the late universe. In principle, such
general Infrared cut-offs may be a function of both Lp and
Lf and their derivatives, as well as of the Hubble horizon
and its derivatives and of the scale factor [16, 64], namely
LIR=LIR
(
Lp, L˙p, L¨p, · · ·, Lf , L˙f , L¨f , · · ·, a,H, H˙, H¨, · · ·
)
.
(13)
Thus, applying the above extended Infrared cutoff at
the early universe provides enhanced freedom to acquire
bouncing cosmology.
Without loss of generality we start by considering the
model
LIR =
1
6αH˙2a6
∫ t
dta6H˙ , (14)
with α a parameter. Inserting this into the Friedmann
equation (5), setting c = 1 for simplicity, and adding also
a cosmological constant term Λ = − 3κ2H
2
0 , we result to
0 = −3
(
H2 −H20
)
− α
(
−108H2H˙ + 18H˙2 − 36HH¨
)
.
(15)
Recalling that the Ricci scalar is R = 6(2H2+H˙) in FRW
geometry, the above equation is written in the form
0 =
F (R)
2
− 3(H2+H˙)F ′(R) + 18(4H2H˙+HH¨)F ′′(R) ,
(16)
with
F (R) = R− αR2 − 6H20 . (17)
As one can see, Eq.(16) is just the first Friedmann equa-
tion in the R2-gravity theory in the absence of matter
[44, 79–83].
As it is known, for the F (R) gravity model of (17) there
appears a solution describing the bouncing universe [49].
In fact, if we impose the bouncing scale factor
a(t) = aBe
λ
2
t2 , (18)
with a positive constant λ, we find that H = λt, H˙ = λ,
and H¨ = 0 (i.e. the universe is contracting for t < 0, is
expanding for t > 0, and at t = 0 we have the nonsingular
bounce realization at a scale factor aB). In this case
Eq. (15) becomes(
H20 − 6αλ
2
)
− (1− 36αλ)λ2t2 = 0 , (19)
which for α > 0 is satisfied if we choose
H20 =
1
216α
λ =
1
36α
= 6H20 . (20)
Hence, the scenario at hand indeed accepts the bounc-
ing scale factor (18) as solution, if we consider the model
parameters (20). We mention here that the scale factor
(18) is just a simple example that shows the capabilities
of the theory. In a realistic inflation realization however
the imposed scale factor should include an exit from the
exponential expansion. Alternatively, one could trans-
form the above F (R) model in the Einstein frame, where
the scalar field dynamics in the effective potential could
drive the successful inflation exit. In this way we can re-
obtain the usual successful inflationary scenarios of F (R)
gravity, nevertheless the underlying theory is of different
origin, namely it arises from holography.
As another example, we may consider the model where
LIR =
∫ t
dt
(
1
β
−
2βBa(t)−
1
β
H(t)2
)
, (21)
with β and B two parameters. Inserting this into the
Friedmann equation (5), and setting for simplicity c = 1,
we find
H˙ = 2βBa−
1
β −
1
β
H2 . (22)
The solution of (22) is
H =
2βBt
A+Bt2
, (23)
which in turn leads to
a(t) = aB
(
A+Bt2
)β
, (24)
with A and aB integration constants. Indeed, the solu-
tion (24) describes a bounce realization at t = 0. More-
over, away from the bounce point a(t) behaves in a power-
law way, namely a(t) ∼ t2β , as in the case of the perfect
fluid with a constant equation-of-state parameter. Note
5that since for the solution (24) the integrand of (21) di-
verges at t = 0 and goes to a constant 12β when t→∞, it
is necessary to add a small UV correction, as we discussed
in the previous section, and use
LIR →
1
2β
∫ t
0
dt−
∫ ∞
t
dt
(
1
2β
−
2βBa(t)−
1
β
H(t)2
)
. (25)
Finally, as a last example we consider the model with
LIR =
1
2β
∫ t
dt
(
1−
A
a1/β −A
)
, (26)
with β and A constants. inserting into (5) with c = 1 we
obtain
H˙ =
H2
2β
(
A
a1/β −A
− 1
)
, (27)
whose solution is again given by (24) but now B ap-
pears as a constant of integration. Since substituting the
solution into (26) we find that the second term in the
integrand diverges at the bouncing time, the integration
in (26) should be modified as
LIR →
1
2β
(∫ t
0
dt+
∫ ∞
t
dt
A
a1/β −A
)
, (28)
i.e. we add a UV correction.
IV. CONCLUSIONS
In this work we obtained a bounce realization of holo-
graphic origin. In particular, inspired by the application
of the holographic principle at late-time universe, i.e. by
the scenario of holographic dark energy, we applied it at
early times. We first considered as Infrared cutoffs the
particle or future event horizons, and we showed that the
decrease of the horizons at early times naturally increases
holographic energy density at bouncing scales, while we
additionally obtain the necessary null energy condition
violation. Hence, even this simple scenario can lead to
the bounce realization.
We proceeded to the addition of a simple correction
due to the Ultraviolet cutoff, whose role may be taken
into account at the high energy scales of early universe.
We first extracted analytical solutions that may lead to
the bounce realization for suitable choices of the model
parameters, and we provided specific numerical exam-
ples. The interesting implication of this UV correction
is that it can control the value of the minimum scale
factor, which is significant since nonsingular bounces are
more physically important relating to the alleviation of
the initial singularity issue of standard cosmology.
Lastly, we constructed generalized scenarios of holo-
graphic bouncing cosmology, arisen from the use of ex-
tended Infrared cutoffs. As specific examples we consid-
ered cutoffs that can reproduce F (R) gravity, and in par-
ticular R2 gravity, which can then lead to a nonsingular
bounce realization. These features act as an additional
advantage in favour of holographic bounce and reveal the
capabilities of the model.
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